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SUMMARY

The effect of tapered ring reinforcements in reducing the stress

concentrations around central holes in sheets under various biaxial

stress fields in the elastic range was studied, q%le specimens were fab-

ricated from plastic sheets as were the reinforcement rings° The rings

were cemented s_nmetrically on each side of the sheet, and foil strain

gages were mounted at various locations adjacent to the outer rim and at

the inner rim of the reinforcements. Altogether; nine configurations

were studied. These were %_sted in a biaxial testing machine_ and the

stress-concentration factors for i:i_ l.S:l, 2:1_ and 2.5:1 stress-field

ratios were determined.

The best tapered reinforcements gave maximum stress-concentration

factors of 1.00; i. i0_ 1.17_ _ud 1.20 for i:i_ I.S:I, 2:i; and 2.S:I

stress-field ratios, respectively. These factors are slightly higher

than those obtained with the best rectangular reinforcements of a previ-

ous investigation.

The initial effect of increasing the hub thickness or increasing

the ring diameter is a sharp decrease in the stress-concentration factor

at the inner rim] there is comparatively little effect on the stresses

in the sheet. The results for the i:i stress field were compared with

predictions from an anal_ical method of S. S. Mansonj and good agree-

ment was found for the tangential stresses at the inner rim and the ef-

fective stress-concentration factors in the sheet.

INTRODUCTION

The purpose of this investigation was to study the reinforcing ef-

fect of rings of triangular cross section (see fig. i) around central



holes in biaxiaiiy loaded flat sheets. This is part of a more general
experimental analysis of the problem of providing optimumreinforcements
for openings in missile and space-vehicle tanks. The term "optimum rein-
forcement" implies one in which the maximumstress-concentration factor
approaches unity as closely as possible. The best reinforcement of
those tested will therefore be the one that most closely approximates an
optimumreinforcement.

In a previous report (ref. i) the stress concentrations around holes
in flat sheets with reinforcements of rectangular cross section were in-
vestigated under various biaxial loading conditions. Generally the
stress concentration at the inner rim of the hub could be reduced consid-
erably below unity by increasing the hub size. However_the stress con-
centration in the sheet adjacent to the hub was not so easily reduced_
in fact 3 the addition of material sometimesresulted in an increase in
the stress-concentration factor. Therefore3 an evaluation wasmadeof
the possibility that a better reinforcement could be obtained by using
a triangular cross section_ since the taper might result in a better uti-
lization of the reinforcing material.

The investigation was carried out in a manner similar to that of
reference i. Each sheet of a methyl methacrylate plastic with a central
hole was reinforced equally on each side with rings of triangular cross
section. The specimenswere tested under various combinations of biaxial
loads_ andthe strains were measuredwith foil strain gages. The inves-
tigation reported herein was confined to the elastic range. Nine con-
figurations were studied at stress-field ratios of i:i_ 1.5:1_ 2:1_ and
2.5:1_ and the results were comparedwith those of reference i for rec-
tangular reinforcements with the samevolumes of reinforcing material.
As in reference i_ only an 8: i ratio of hole diameter to sheet thickness
wa_ considered because this is probably the smallest ratio that will be
encountered in openings of missile tanks. Larger ratios would approxi-
mate more closely the plane-stress condition and would be expected to
improve the reinforcement since bending stresses in the hub would be re-
duced. The experimental results for the i:i stress field were compared
with results from a theoretical method (ref. 2).
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SYMBOLS

location at midpoint of hub inner rim on x-axis

location in sheet adjacent to hub on x-axis

effective stress-concentration factor

location in sheet adjacent to hub at some angle from y-axis
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V location in sheet adjacent to hub on y-axis

X ratio of outer to :inn_r diameter of hub

Z ratio of maximum hub thickness to sheet thicPa_ess

@ angle to location 0 as measured from y-axis

normal stress 3 psi

shear stressj psi

Subscripts:

C

exp

H

max

0

r

V

X

Y

Z

e

i

2

ir

2r

location C

experimental

location H

maximum

location 0

radial direction

location V

direction of minimum nominal principal stress

direction of maximum nominal principal stress

direction normal to plane of sheet

tangential directlon

index for maximum nominal principal stress

index for minimum nominal principal stress

first of duplicate back-to-back radial strain gages

second of duplicate _,ack-to-back radial strain gages

first of duplicate bsck-to-back tangential strain gages

second of duplicate Lack-to-back tangential strain gages



APPARATUSANDPROCEDURE

The testing of the specimenswas carried out using the biaxial ten-
sile machine described in reference i and shownin figure 2. Each of
the specimensconsisted of an iS- by 16-inch sheet of i/S-inch methyl
methacrylate plastic with a 1-inch-diameter central hole. Tapered rings
of the samematerial were attached on each side of the plate around the
hole with a cyanoacrylate cement. The rings had outer diameters of 1.4,
2.0_ and 3.0 inches and maximumthicknesses of approximately one_ two_
and four times the plate thickness.

Strain gages were located back to back as shownin figure i. The
symbols in the figure are defined in the list of symbols. Perpendicu-
larly oriented strain gages were located at V and H. Strains from corre-
sponding gages at VI and V2 and also at HI and H2 were averaged. The
equivalent of a A5° strain-gage rosette was located at 0 with the various
gages of the rosette in different quadrants because of space limitations.
Location 0 is meant to represent the location in the sheet where the
stress-concentration factor is highest. This critical location will
vary somewhatfor each stress field and for each configuration. Nothing
could be found in the literature that would afford a basis on which to
predict the critical location in the sheet for tapered reinforcements.
Therefore_ for comparative purposes the angle @ that was used was the
sameas in reference i for rectangular reinforcements of the sameouter
diameter. Thus_ e was A5° for the l.A-inch-diameter-ring configurations_
38° for the 2-inch-ring configurations_ and 30° for the 3-inch-ring con-
figurations. Circumferential and normal gages were located at C in the
inner rim_ which is the point of tangency with the direction of the max-
imumprincipal stress. Tangentially oriented gages (C_) were first
mounteddiametrically opposite at C_ after the specimenhad once been
tested these were removed_a pair of normally oriented gages (Cz) was
mounted in their place_ and the test was repeated. The strain-gage out-
put was recorded on an automatic multichannel recorder with an accuracy
of ±i percent.

The experimental procedure_ which is described in more detail in
reference i_ is summarizedhere. A calibration sheet with strain gages
mounted on it but no reinforcement or central hole was initially tested
in the machine. Fromthis specimen the loadings required to give i:I,
1.5:1, 2:1, and 2.5:1 stress-field ratios were determined.

The reinforced specimenswere tested at four loadings_ a zero read-
ing being taken before and after each loading. The strain data were
then processed by an electronic computer that corrected for zero drift_
checked the linearity 9f the strains with load_ and determined the
stresses and stress-concentration factors at each point. The stress-
concentration factors were computedusing the effective stress based on

!
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the yon Mises energy theory. The equation for the effective stress-

concentration factor at loc%tions V_ H_ and 0 is

K -----

2 2 _I_2_i + _2 -

For location C_ the stress _ormal to the plane of the sheet _z will be

substituted for ar in the equation.

RESULTS AND DISCUSSION

The experimental effective stress-concentration factors at loca-

tions C, _ _ and 0 are compiled in table I for each of the nine con-

figurations that were studied at i:i_ i. 5: i_ 2: i_ and 2.5: i stress-field

ratios. For the i: i stress field_ KV_ K_ and K 0 should be the same,

and the differences among t_em are some indication of the experimental

error for the particular coafiguration. The worst discrepancy occurred

with the X = l._j Z = 5.15 reinforcement in the i:i stress field 3 in

which the stress-concentrat£on factor in the sheet varied from 0.98 to

1.06_ a spread of about ±¢ percent from the average value.

An explanation is required for the stress-concentration factors

for location C for the X = i._ Z = 3.01 configuration. This specimen

failed before the strains at C normal to the plane of the sheet could

be obtained for any of the four stress-field ratios. These strains were

obtained by interpolation from other data for X = 1.4 reinforcements

and for an unreinforced specimen. The effect of including the inter-

polated bending stresses co_npared with ignoring them was an increase of

approximately 5 percent in the effective stress-concentration factors
for the various stress-field ratios.

Experimental Stress-Concentration Factors

in Hub and Sheet

In figure 3 the effective stress-concentration factors at C are

plotted against Z for each of the four stress-field ratios that were

studied. In each part of tae figure the curves Tor the X = i._ 3 2.0_

and 3.0 reinforcements are extrapolated to the theoretical stress-

concentration factor at Z = i corresponding to the unreinforced con-

dition. Thus, all the curves for the I:i stress-field ratio (fig. 3(a))

converge to 2.000, for the 1.5:i stress field (fig. 3(b)) to 2.6_6, for

the 2:1 stress field (fig. 5(c)) to 2.886, and for the 2.5:1 stress

field (fig. 3(d)) to 2.983.
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The general trend of all the curves in figure 3 is for the stress-

concentration factor at C to decrease considerably as the hub thickness

initially increases and then to level out. In figure 3(a) the X = 1.4

curve seems to rise slightly as Z is increased from 5 to 9. However 3

the stress-concentration factors for Z = 5 and 9 are so close that the

seeming rise in the curve may be nonexistent and may merely be the result

of experimental error.

The effective stress-concentration factors in the sheet adjacent to

the hub at locations V_ O, and H are shown in figure 4. For the i:I

stress-field ratio (fig. 4(a)) the experimental values of KV, KH_ and

K 0 were averaged because the stress-concentration factor should be the

same everywhere around the circumference. The maxim_ spread from the

average (of the values) was about 5 percent. The curves of figure 4

were extrapolated to the theoretical stress-concentration factor for an

unreinforced hole (Z = i) for the particular location and stress-field

ratio.

!

O_

Locations of Maximum Stress-Concentration Factors

in figure 5 the maximum measured stress-concentration factors in

the hub (location C) and in the sheet (location V_ _ or H, whichever is

greatest) are plotted against X. The results for the Z = 3j 5_ and 9

configurations are shown in figures 5(a), (b), and (c), respectively.

The data points in figure S were obtained by cross-plotting from figures

3 and 4 and do not necessarily represent the original data. The data

points were used in figure 5 only to indicate the stress-field ratios

and the locations of the maximum stresses in the specimens. Again all

curves were extrapolated to the theoretical values at X = i.

For a constant hub thickness and stress-field ratio_ the maximum

stress-concentration factor in the sheet decreases rapidly at first as

X is increased_ reaches a minimum between X values of 1.7 and 2.0,

and then increases gradually. The change in the maximum stress-

concentration factor in the sheet at values of X greater than 1.4 is

small compared with the change in KC_ which shows a continuous decrease

as X is increased. The point in figure 5 at which a dashed curve

crosses a corresponding solid curve gives a configuration in which the

maximum stress-concentration factors in the hub and in the sheet are

equal. For configurations where X is larger 3 the maximum stress con-

centration was found in the sheet 3 and for lower values of X it was

found in the hub.
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Select ion of Reinforcement Geometry

Figures S to S were cross-plotted to give the three-dimensional

graphs shown in figure 6. The dark shaded surfac_ s are configuration

regions in which the highes_ stress concentration occurred in the sheet

rather than the hub. These surfaces are essentially flat because of the

relative insensitivity of tle stress-concentration factor in the sheet

to geometry changes. It is in these regions that the designer should

choose a reinforcement conf[guration for the minimum stress concentra-

tion.

In figure 6(a) (for the i:i stress-field ratio) the dark region is

approximately bounded by X = l.S and Z = _; th_ maximum stress-

concentration factor varying from 1.00 to l. S0. 'lhe best reinforcement

is about X = 2.0 and Z = S.

As the stress-field ratio increases; the range of suitable rein-

forcement geometries decreases, and the stress-concentration factors in-

crease slightly. For the 1.5:1 stress-field ratio of figure 6(b); Kma x

for this range varies from L.IO to 1.26 with the best reinforcement at

X = 2.0_ Z = 9.

The dark area in figure 6(c) (for the 2:1 stress-field ratio) has a

Kma x from 1.17 to I. S0. I:_ figure 6(d) (for the 2.5:i stress-field

ratio) Kma x varies from 1.20 to I. S0. Thus the _]:i and the 2.5:1

stress-field ratios give approximately the same maximum stress-

concentration factors. The best reinforcement geometry for both of

these stress-field ratios is approximately X = S, Z = S.

Comparison of Experimental Results With Theoretical

AnalysLs For i:i Stress Field

In figure &(a) (for the i:i stress-field ratio) the experimental

stress-concentration factors in the sheet are compared with theoretical

curves obtained from the method of reference 2. The agreement for all

three hub diameters is very good. The analysis of reference 2 is lim-

ited to a i:i stress field} therefore 3 comparisons could not be made

for other stress-field ratios. The theoretical method assumes plane

stress.

Theoretical and experimental stress-concentration factors based on

the tangential stress at the hub inner rim are plotted in figure 7 and

show good agreement. The comparison was not made with experimental ef-

fective stress-concentration factors because 3 for a hole-diameter to

sheet-thickness ratio of 8:i_ most of the tapered configurations that

were investigated have high hub bending stresses normal to the plane of



the sheet_ these stresses are not considered in reference 2. However_
for larger ratios 3 where the bending stresses in the hub would be small_
the method of reference 2 should predict the experimental effective
stress-concentration factors adequately.

Comparisonof Rectangular and Tapered Reinforcements

In figure 8 all the data from the tests of rectangular- and
triangular-cross-section reinforcements are plotted on a volume basis.
To make the abscissa nondimensionalj the volume of the reinforcement
rings is divided by the volume of material removedfor the central hole
in the flat sheet. The stress-concentration factor is the highest
measured regardless of location.

Figure S indicates that the best rectangular reinforcements are
somewhatbetter than the best triangular reinforcements because less
reinforcing material is needed for the samestress-concentration factor
and because lower stress-concentration factors can be attained. Based
on the limited data for the tapered reinforcements_ the superiority of
the rectangular reinforcements is most obvious for the 2:1 (fig. 8(c))
and 2.5:1 (fig° 8(d)) stress-field ratios. For the 2:1 ratio the best
rectangular reinforcement gave a maximumstress-concentration factor of
1.0_ comparedwith about 1.17 for the tapered configurations. For the
2.5:1 stress-field ratio the best rectangular configuration gave a maxi-
mumstress-concentration factor of 1.08 comparedwith 1.20 for the best
tapered configuration.

!
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Size Effects and Other Considerations

In this paper only an 8:i ratio of hole diameter to sheet thickness

was studied. In most missile and space-vehicle tanks larger ratios will

be involved. As the ratio becomes large 3 the reinforcement more nearly

satisfies the plane-stress assumption because bending stresses in the

hub are reduced for a given geometry. Since these bending stresses at

location C are compressive_ it can be expected that the stress concen-

tration at C will also be reduced as the ratio of hole diameter to sheet

thickness is increased. The three-dimensional effects in the hub do not

affect the stress distribution in the sheet significantly.

The fact that the highest stress concentration for most of the

tapered reinforcements occurs in the hub gives some importance to the

size effect. It could mean that they would appear to better advantage

relative to rectangular reinforcements at other ratios of hole diameter

to sheet thickness. This is because the specimens with the best rectan-

gular reinforcements generally were critical in the sheet and would not

be materially affected by the size effect.



There is a possibility that higher stresses occurred at locations
in the sheet other than where strain gages were located. The location
angl_s a were determine@in reference i from a theoretical method that
deals only with rectangular reinforcements. They were used in this in-
vestigation for purposes cf comparison and because there were no better
predictions available.
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CONCLUSIONS

The following conclusions can be drawn from the investigation of

tapered circular reinforcements around central holes in flat sheets

under various biaxial str(_ss fields in the elastic range:

i. The best tapered configuration for the l:l stress-field ratio is

X = 2.0, Z = S with Kma x = 1.00 (where X is hub outer- to inner-

diameter ratio 3 Z is maximum-hub-thickness to sheet-thickness ratio;

and Kma x is maximum str(_ss-concentration factor). The best reinforce-

ment for the l.S:l stress-field ratio is X = 2.0_ Z = 9 with

Kma x = i. i0. For the 2:1 and 2.5:i stress-field ratios the best rein-

forcement is about X = S. 0_ Z = S with Kma x = 1.17 and 1.20_ respec-
tively. These results were obtained for an 9:i ratio of hole diameter

to sheet thickness. Sinc(_ the maximum stress-concentration factor oc-

curred in the sheet in these particular configm_ations_ there should be

little size effect.

2. The best rectangular reinforcements were superior to the best

triangular reinforcements because the maximum stress-concentration

factors were slightly smaller and because less volume of material was

needed for an equivalent reinforcement efficiency. The maximum stress-
concentration factor that existed in the sheet when the reinforcement

was of rectangular cross section was not reduced by tapering the hub.

S. A large reduction in the stress-concentration factor at the hub

inner rim can be attained by increasing the hub thickness up to the point

at which the maximum stress concentration occurs in the sheet. The ef-

fect of the hub thickness on the maximum stress-concentration factor in

the sheet is relatively small for those configtu:ations where the highest

stress concentration is in the sheet.

%. A large reduction in the stress-concentration factor at the hub

inner rim can be attained by increasing the hub ohter diameter up to the

point at which the stress-concentration factor reaches a minimum] it will

increase gradually again as the diameter is increased further. The ef-

fect on the sheet is comparatively small for X values greater than 1.4.
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5. Agreementbetween the experimental results and theoretical cal-
culations from NACARep. 952 was good for the sheet and also for the
tangential stress at the inner rim of the hub for the i:i stress field
(the only stress field for which data from Rep. 952 are applicable).

Lewis Research Center
National Aeronautics and SpaceAdministration

Cleve!and3 Ohio_ December123 1961
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TABI_ I. - EXPERIMENTAL DATA
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Hub diameter

rati%

X

1. A

2.0

3.0

Hub-sheet

thickness

5.01

5.15

8.8_

2.86

4.71

9. Ol

2.62

4.92

Stress-

field

ratio

Effective stress-

concentration factor

K C K V K H K 0

i:i 1.18 0.96 0.98 1.00

i. 5: i i. 57 .90 .97 i. 02

2: i i. 72 .85 .94 i. 06

2.5:i 1.78 .81 .91 1.09

i:i 0.99 1.01 1.01 0.96

1.5:i 1.55 ][.02 .94 .99

2:1 1.45 1.00 .88 1.05

2.5:1 1.51 .97 .85 1.06

i:i 0.86 1.01 1.05 1.05

1.5:i 1.09 1.06 .92 1.12

2:1 1.18 1.06 .82 1.16

2.5:i 1.22 1.04 .76 1.19

i:i 1.19 l. Ol 1.00 0.98

1.5:1 1.56 1.04 .95 1.03

2: i i. 70 i. 04 .88 i. 06

2.5:1 i. 76 i. 03 .85 i. 07

i:i 0.82 1.06 1.07 1.06

I.S:I 1.09 1.17 .92 1.14

2:1 1.19 1.20 .82 1.18

2.5:1 1.24 1.20 .77 1.19

i:i 0.55 i. I0 1.08 1.07

i. 5: i .73 i. 25 .87 i. 15

2:1 .80 1.29 .75 1.18

2.5:1 .85 1.29 .66 1.19

avalue obtained _:_yinterpolation of normal

strains from o_her data.

8.4=6

i: i i. 45 i. 04 i. 02 i. 03

i. 5: i i. 76 .88 i. 06 i. ii

2: i i. 87 .76 I. 04 i. 21

2.5:1 i. 91 .69 i. Ol i. 29

(bending)

i:i 1.40 i. 06 1.06 0.98

1.5:i 1.81 .90 1.14 1.05

2: i i. 95 .77 i. 15 i. 15

2. S: 1 2. O1 .69 i. ll i. 22

i:i ai. 58 1.09 1.12 1.13

1.5:i a2.01 .89 1.23 1.16

2: i a2.15 .74 i. 24 i. 21

2.5:1 a2.21 .64 1.22 1.25
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Figure A. - Effective stress-concentration factors in sheet.

I



19

oa

!

1.4

].2

1.0_ j

r i i I
Hub diameter

ratio_

X

0 1.4

[] 2.O

<> 3.0

1
_--_._____ __ __-_--

i Location 0

j

__-<--

/

Location V

: ----4
I
i

[] j .._._.._. I i-i f

.--____ _.____ 0__ l-
--..--0

o
4_

_ 1.4 I
_q

<
o

i._

o

o /

, /0 _
_.0

\ r
L

O_')_

Location H

_---0

i 2 3 4 S 6 7 8

Hub-sheet thickness ratio, Z

(b) Stress-field ratio, l.S:l.

--<

Figure 4. - Continued• Effective stress-concentration factors in sheet.

q



2O

i.4

1.2

1.0
/

/

/
/

/

I I I
Hu];_dismmt er

ratio,

X

0 1.4

[] S.O

<> s,o
I I I

/
/

I

I

Location 0

I

!

ol

t_

o

4_

i

.-I

i.4

1.2

l.C

.S

.6

I "$I

,

J

l.C k

.6_
i

f
f

/

jv
II

d
/

J

J

J

A/

J

f
f

J

/
I--'-"-

_---O

Location V

] I

-\

\

2 S

[

S

Hub-sheet thickness ratio, Z

(c) Stress-field ratio, 2:1.

Location H

I i
7 $

"--O

Figure 4. - Continued. Effective stress-concentration factors in sheet.



co

r_
!

1.2

o

%

o

g

c_

o

o

i

©

4_

g
0j

ff.£
/

f

/

1 I I

Hub diameter

ratio_
X

C) 1.4

[] 2.o
0 5.0

O

0
f

J
I

i

I

Location O

] °,±

1.2

1.C

.8

.6

1.4

/
/

/

f

/

jl

/

i

f
f

/

ff

_f
/

J

/

i _..---- _

i

f

_.__.---- _

Locatios

---0

1.2\
1.0 _

°_

.6
G

\

\

Figure 4. - Concl ud_d.

----- ---0

Location H ---

4 5 6 7 ,_

Hub-sheet thickness ratioj 2

id) Stress-field ratio, 2.5:1.

Effective stress-concentration factors in sheet.

21



22

0

0
4_
o

c0 _

o

4_

4_

c27 _

& °
©
o
I

©

d >o_
4_

_ o
_4

•_ .,H

_ cd

0_ o o
4_ .H

0

40

,%
0

•_ c0
%

r--t

0

4_
0
_ •

• _

4_

% ®
© _X2

bgm

I

Ol



2.3

l'0
,-4

I

I 1 I I I

0 rq _q 0

_o 4_ 000_-
0 ,Q _D

£o_ _o_
r--I r--t r-I r--I 4-_ 4_

i._ r-I LF) Ckl LO r-I r_) © © © 0
-- 0 rl Or_ 0

I r--I (XI _ _'t_._X] r_

cd(b 0 © 0

0_ .H O h8 © 4:_ O

-- ,--t .m O

- ooOq

,o
o

o o

OJ

4

// /

.@

/

0

/

J

/I

i'!
/, I

,11

III

i'

,,/,,j
,/

/

4

0

b9

,©

oJ

q0

O_

oJ

(,q

cu_

o

0

(kl o

o
H

_d

a9x:_

to

,--I

r-I

0.1

,-t

0

¸o,--t

LO

0

4_

q)

o

4_

4_

r_
I

"2

o

4 _

_2
©
c3
_2
o
o
I

d_

Q

4D

d]

©
>

4_

O

q_

iZ1

H

Q

%
@

4D

%
d3

4_

Q

4D

@

©
%
O

%

O

4_
o

_ •
M_

22

c_ ®

r.D _

4_
(3

r94_

X 'uo3o_J uo_seaR_aouoo-s_ea_s oAT_ooJJ_



24

! I

i

4 &

I
i

*!J

Cq

i

i

I

I
I

I
I

//
J •

9
ii •

II I

1
II I
II I
II1
Ii _

!1

|

I
I
1
i

2,
I

///' I /

V

l

---i t
A I

!,

l

/
/

/ /
/

/
/

_J

I

I
I
I
I
I
I
I
!

'I/I
!

It :

//

I
I
I

I
°

;
#

#

I

I

O

I

&

(Xl

4_

A

-M

-t

--I

O

Od

C-)

OJ

• 0

0

4_

4_
©
Q

t.o
1

0
v

-,H
.#3
c_

4_

@
()

£
O
o
I

S
©
%
4_

©
>

o

©

_2

.,4

(3

%
c)

4m
©

c_

%
©

G

®

©

©
c_

%

o

4_

M_

X2

wq 4-)

©X2

LF; %
©

(94_
0

I

b2

M _o%o_J uo]%_I%u@ouoo-sse_%s eA]qOaJJS



25

_0

!

4_

_o

q

(_l) Stress-field ratio_ I:i.

Figure 6. - Maximum experimental effective stress-concentratio factor plotted against hu_

diameter ratio X and hu_-sheet thickness ratio Z.



26

A

/
/

5

t_
!

O4
O_

(b) Stress-field ratio, 1.5:l.

Figure 8. - Contluued. Maximum experimental effective stress-concentration factor plotted against
hub diameter ratio X and hub-sheet thickuess ratio Z.



27

(0

!

3.2

I

_ 1.6

(c) Stress-field ratio, 2:1.

Figure 6. - Continued. Y_xlmL,m experimental effective stress-c_mcentratiom factor plotted against

hub d_ameter ratio X and hub-sheet thickness ratio Z.



28

_ 1.6

o

o

/
/

I

I

I
I/

(d) Stress-field ratio_ _,5:1.

Figure 6. - Concluded. _aximum experimental effective stress-concentration factor plotted

against hub diameter ratio X and hub-sheet thickness ratio Z.

I

o_
_o



29

_O

!
[4

£
o
4_
o

o

40

4_

©

o
o
I

ca

q)

4o
ca

(d

Q
_O

2.0_ I I !

1.0 r rat i o,
X

0 1.4

[3 2.0

-" 0 5,o

0

2,0

1.5

1,0

.5

0

2.0

I

' ' - i -tool
j Experl mental _J

Theoretl cal i

l-k

\ \
\ i

\

I

I

i

1.5

1.0

.5'

"R

0

I 2 4 5 6 7

Hub-sheet thlckness ratZ< , Z

Figure 7. Cc.::igarison cf experimental and theoretical tan;_ez Lial

stress-concentration factors at location C for i:I str ss-f'eld

ratio.



5O

0 _ CH r-H
%-, _ 0 0

-_ _SS

- I
I

oD I
I
I

_3
4_

[]

C

c_
t,O

o?
c0 .H
_,1 01

a3

I °
4_ r-_

_'1 _ o

4_

I ._°

i 0 0

I _®° 4

•. .H
h

I O m %
I CH _
, _ ®

O I
•H _ _:_! @ 4o

, _ _
r--I _ _ 4._

[] I H o0

ul

%
O m

n _ _

n _ _

.r-t

jo. "
/ o

t_
I

Ol
O_
t_

UOT%_a%uaouoo-seax%s anT%Oajja _n_Tx_



oa
_o
I0

!
rq

ckl

I 1
4_

_J
4J

.o @ (D

IEI O P_ O
(U :H :8 {U

0 @q_CH
q_ _ 0 0

_g_X
(U £

(D 4_ @ @

¢6 ¢} O O

I
O0 II

I
I

J

(

O

_.,j

0

[]

[]

b

0
I
I
I

I
I
I

I

I'
°I

I

[1 I
I

I

I
0 I

I

n
!

/

_g
@

ul

(1)

O
.q

O O

©
>

2
%

!

(1)

(D

:O ©

©
.,-I
4_

O
_Fj

u?

c0

cd

(D

,-I
0
>

0

4_

(b
t.0

0
r.m

,H
,D

°.
©

t2") %

c_

%

cd
4_

(]3

©

O
dl

.r--I
%

©
O

51

@

.H
4_

0
0

I

©
%

g



32

I

0 _ q--_ q-_
r_ _ 0 0

_ _ _ _
% _1% %

I

oa Ii
i I

O

(3

Oo []

J

I
I
l
I
I
I
I

1'II
I
I

rn I

I

D 1

I
I
I

1'I

/
1

/

J

cO _ 0 CD Oq

O_ Cq 0,1 ,--I _i

CO
0,.1

-p
CD

0

0

O
b

©
4_

O

O
g-t

%

g-I
©

(D
b

CO O

©

4._
c_

O

°.

o"

c6
,tt

,--t

.r-t

I

CO

o

cr_

(D

O

O

u?
4_

©
e_
%
O
r.H

0_
%

I1)
gt

P_
_3

_J

gt
_3

bl]

-O
e_

,%

O

O

%

©

.,-t
4_

O
r..)

!

©

N)

k_
!

I--'
O,1





3G

55

C,]
_O

!

[]

[]

O

D

[]

c]

;m

O
b

o

O

R

< o

o _ _
O I£) _J

%

4_
o ._

<D

O I _

•_ (D 0

O9

_d

_ °
© %

_ R
o o

o
._

r-t

©
O

I

CO

g


